Unfolding Barriers in Bacteriorhodopsin Probed from the Cytoplasmic and the Extracellular Side by AFM  by Kessler, Max & Gaub, Hermann E.
Structure 14, 521–527, March 2006 ª2006 Elsevier Ltd All rights reserved DOI 10.1016/j.str.2005.11.023Unfolding Barriers in Bacteriorhodopsin
Probed from the Cytoplasmic and the
Extracellular Side by AFMMax Kessler1 and Hermann E. Gaub1,*






Selecting an individual membrane protein and probing
its mechanical properties has become possible by
AFM-based single-molecule force spectroscopy. In
contrast to earlier studies, we extracted and unfolded
bacteriorhodopsin monomers from the purple mem-
brane not only from the cytoplasmic side, but also
from the extracellular side, and recorded the force ex-
tension profiles. This way different pathways through
the potential landscape are explored. A map of the 21
most dominant barriers with their positions relative
to the amino acid sequences is given at an accuracy
of 63 aa. Most barriers were found to provide resis-
tance to forced unfolding only when extracted toward
one of the sides. However, certain barriers have iden-
tical positions to within a few amino acids when
probed from either of the sides, which typifies them
as structural traps.
Introduction
Single-molecule force spectroscopy has evolved into
a powerful tool for unfolding individual proteins with un-
paralleled precision. In the past, this high-resolution
technique has allowed for the measurement of those
interactions in proteins that mediate molecular recogni-
tion (Fritz et al., 1998; Kienberger et al., 2004; Lee et al.,
1994; Moy et al., 1994a, 1994b; Viani et al., 2000), stabi-
lize molecular structures (Fisher et al., 1999; Rief et al.,
2000), and drive intermolecular actions (Dammer et al.,
1996). Molecular bonds (Grandbois et al., 1999; Merkel,
2001) and polymer elasticity (Bustamante et al., 2000;
Clausen-Schaumann et al., 2000; Rief et al., 1998,
1999) were investigated. Mechanical unfolding of fibro-
nectin (Rief et al., 2000), tenascin (Oberhauser et al.,
1998), and titin (Kellermayer et al., 1997; Li et al., 2000;
Oberhauser et al., 1999; Rief et al., 2000; Smith and Rad-
ford, 2000; Williams et al., 2003) has revealed that these
modular proteins predominantly unfold domainwise. In
some cases, intermediate states have been reported
(Marszalek et al., 1999). Schwaiger et al. (2004, 2005)
managed to map a fast refolding intermediate state on
the F-actin crosslinking protein ddFLN to it’s molecular
structure by mutation of several loops. Recently, Dietz
and Rief (2004) reported the existence of two intermedi-
ate states in the unfolding path of GFP.
In the notion of the 3N-dimensional energy landscape,
unfolding of a protein occurs along a path, which is
*Correspondence: gaub@lmu.debiased along a certain direction when an external force
is applied. During the course of unfolding, different val-
leys will be reached by traversing saddle points, whose
rising slopes will be detected in our experiments as
peaks in the force distance curves. Structures like cer-
tain H bonds or kinks in helices, which by their mechan-
ical stability give rise to these slopes, act as barriers
against further unfolding and will be referred to as
such in the following sections. When soluble proteins
are stretched, the force is applied between both ends
and is transmitted via the polypeptide chain into the
folded entity under investigation. The sequence of the
unfolding events is determined by the hierarchy in stabil-
ity of the structural elements. As a result of the increas-
ing force, the remaining activation barrier for unfolding
this particular entity is gradually decreased until, at
some point, thermal fluctuations suffice to overcome
the barrier and the structure unfolds. Height and widths
of the barrier can be derived from rate-dependent mea-
surements, but no absolute information on the position
of the barrier can be derived from the data.
In the case of membrane proteins, the folded structure
is anchored in the membrane, and, thus, the sequence of
unfolding steps follows the amino acid (aa) sequence.
This means that the barriers can be localized with high
accuracy by measuring the length of the already un-
folded segment of the protein. Upon gradual unfolding,
a very detailed sequence of barriers can be identified,
and their position, their height, and their width can be
determined. The additional option of imaging the mem-
brane prior to force spectroscopy allows, in principle, for
the selection of a certain protein and, afterwards, the
verification of the unfolding event, ensuring that just
one protein was extracted. However, the zone behind
a barrier is hardly accessible because of the mechanical
instability caused by the soft cantilever in combination
with the entropic elasticity of the already unfolded pro-
tein. Whenever the force gradient of the folding potential
becomes steeper than the cantilever potential, the sys-
tem will hop into the next minimum rather than probing
the descendent slope potential. Since the cantilever
stiffness needs to be low in order to allow for imaging,
this instability cannot be circumvented with instrumen-
tation currently available, if at all. This means that only
the rising parts of the potential barriers can be charac-
terized. Nevertheless, this approach was very success-
fully employed in the past to characterize the stability of
a series of membrane proteins (Cisneros et al., 2005; Ja-
novjak et al., 2003, 2004; Kedrov et al., 2004; Kienberger
et al., 2005; Moller et al., 2003; Muller et al., 2002; Oester-
helt et al., 2000). Detailed information on the potential
landscape, to our knowledge not available with any
other technique, was revealed.
Membrane proteins, which, like bacteriorhodopsin,
expose one terminus to each side of the membrane
(this is the case for all membrane proteins with an un-
even number of helices and for many barrel-type struc-
tures) and exhibit a nonalternating orientation within the
two-dimensional crystals, have an additional advantage
in terms of single-molecule force spectroscopy that is
Structure
522Figure 1. High-Resolution Imaging Reveals Membrane Orientation.
(A and B) AFM images from the (A) cytoplasmic and the (B) extracellular sides of a purple membrane patch on mica recorded in buffer at room
temperature. Encircled are the trimers of BR, which form the basis of the hexagonal lattice. Both pictures were recorded at a contact force of
w150 pN. The color range from black to white corresponds to a vertical distance of 1.2 nm and 1 nm in (A) and (B), respectively. Scale bars
are 15 nm in both pictures.exploited in this paper: the two membrane orientations
can be distinguished by high-resolution imaging. There-
fore, the assignment of force curves to the two orienta-
tions can be made without any presumptions on the
position of unfolding barriers within the molecule. This
expands the options that were exploited in recent
publications on mechanical unfolding experiments of
human aquaporin-1 (Moller et al., 2003) and the sodium-
proton antiporter NhaA (Kedrov et al., 2004) and halo-
rhodopsin (Cisneros et al., 2005). Generally, when probed
from the ‘‘other side,’’ the unfolding sequence of a mem-
brane protein is reverted and, as a consequence, the
different structural elements are approached in reverse
order. In addition, new barriers, formerly hidden in the
‘‘blind zone,’’ become accessible. When unfolding BR
from both termini, we found several pairs of one C-termi-
nal and one N-terminal force peak each, which can be
mapped to the same barrier position within the three-
dimensional structure of the molecule. Although, upon
unfolding a protein from its different ends, the physical
structure that gives rise to a barrier (e.g., a kink in a helix)
remains at the same position in three dimensions, it rep-
resents different points in the 3N-dimensional space of
the energy landscape, since the conformations of the
entire protein differ drastically when the different ends
are already unfolded. Therefore, the strength of the bar-
rier may be altered depending on the remaining local in-
teractions; thus, both the height and slope of the saddle
differ at these two passage points in 3N-dimensional
space.
Results and Discussion
In this paper, we present a detailed map of 21 force
peaks of bacteriorhodopsin together with a character-
ization of their magnitude and the position up to which
the protein is unfolded in each case. Those peaks that
occur at every force curve are referred to as main peaks
(MP). The number of occurrence of other peaks, which
occur occasionally and are referred to as side peaks,
is given in Tables S1 and S2 (see the Supplemental
Data available with this article online).Two-dimensional patches of purple membrane were
adsorbed onto freshly cleaved mica under conditions
in which they are adsorbed in both orientations in suffi-
cient amounts (Muller et al., 1997, 1999). (In an earlier
study, we showed that the positions and distributions
of peaks do not change if the substrate is changed to hy-
drophobic graphite or the experiments are performed on
stacks of purple membrane patches. Because it is highly
unlikely that a hypothetical adhesive interaction of the
loops with mica is the same as with graphite or another
purple membrane, we conclude that such effects can be
neglected [Muller et al., 2002].) The orientation of each
patch on which we performed force spectroscopy mea-
surements was determined by high-resolution imaging.
As can be seen in Figure 1, both membrane sides can
easily be distinguished. By alternately probing mem-
brane patches of the two orientations in the same sam-
ple, we ensured the acquisition of both sets of data
under identical experimental conditions. Following the
protocol established in earlier studies (Muller et al.,
2002; Oesterhelt et al., 2000), we extracted and unfolded
individual proteins from the purple membrane patches
by placing the AFM cantilever over a patch and allowing
it to interact for 0.2–0.5 s at forces between 0.5 and 2 nN.
Afterwards, the tip was retracted and the force was
recorded as a function of the distance between the tip
and membrane surface. Again, as in earlier studies,
only those force distance curves with an overall length
exceeding 60 nm, which corresponds to the fully un-
folded protein, were analyzed. In doing so, it was as-
sured that only those events in which the protein is
attached to the tip either close to the N- or the C-terminal
end are analyzed. The overall length was the only pa-
rameter used for the selection of force curves in the
present study, and all curves exceeding an overall length
of 60 nm were analyzed.
The force distance traces were superpositioned in
Figure 2. As can be seen, they exhibit a richness of detail
whereby each peak corresponds to the rim of a local
minimum in the energy landscape of the protein. A com-
parison of both columns shows that the traces exhibit
more details at shorter distances. This has two main rea-
sons: first, the longer the already extracted and unfolded
Unfolding of Bacteriorhodopsin from Both Termini
523Figure 2. Assignment of Measured Contour
Lengths and the Position of the Correspond-
ing Anchoring Points
Top: superposition of force versus distance
curves recorded when unfolding from the C
terminus (left) and the N terminus (right).
The data points corresponding to each of
the 13 N-terminal (right) and C-terminal (left)
peaks discussed here are highlighted in
green in the superposition of all force dis-
tance curves, which is shown in gray. The
corresponding WLC-fit curves and their
asymptotes are shown in red. The contour
lengths of the fits are given in lengths of aa
(one aa = 0.36 nm) and are plotted next to
the fit-curves. In the case of the extracellular
curves, this number corresponds to the num-
ber of the aa of the BR sequence. For the
cytoplasmic curves, the contour length (given
in aa) has to be subtracted from the total
amount of aa of BR (248) to calculate the bar-
rier position within the model. The superposi-
tions contain 12 and 24 curves in the extra-
cellular and cytoplasmic sides, respectively.
Bottom: the position of the barrier corre-
sponding to each peak (as calculated from
the WLC-fit) is shown in a schematic repre-
sentation of the BR secondary structure.
Peak positions are indicated by encircled
numbers, which correspond to those in the
upper part of the figure. The direction of the
acting force is indicated by arrows. In most
cases, the peaks are located close to the
end of helices. Notably, in some cases, the
barriers corresponding to an extracellular
and a cytoplasmic peak are located at com-
parable positions within the molecule. The
stepwise unfolding of the tertiary structure
is illustrated in Movies S1 and S2.part of the protein is, the softer its spring constant,
which means that small corrugations in the potential
landscape are hopped over. The other reason is that
more and more of the native environment of the protein
is lost when the neighboring helices are extracted, as il-
lustrated in Movies S1 and S2 for the cytoplasmic and
the extracellular sides, respectively. Here, the comple-
mentary approach of analyzing the unfolding process
from both sides has proven to be extremely versatile
since the sequence of events is reverted when the pro-
teins are extracted from the different sides; thus, the dif-
ferent ends of the protein are seen with complementary
resolution. As discussed earlier (Muller et al., 2002; Oes-
terhelt et al., 2000), the main peaks observed on the
cytoplasmic curves at tip-sample distances of approxi-mately 25, 45, and 65 nm reflect the extraction of helices
E, C, and A, respectively. In comparison, the extracellu-
lar curves show fewer details and generally lower peaks
in the region close to the surface (tip-sample distance
less than 15 nm), where the cytoplasmic spectra are
also more complicated due to the influence of the retinal
bond (Muller et al., 2002).
While the first main peak occurs at a comparable tip-
sample distance of w25 nm for both sample orienta-
tions, the relative distance between the first and second
main peaks is significantly smaller for the extracellular
curves. We interpret the extracellular peak at w40 nm,
as the result of a potential barrier at the extracellular
side of HE. However, the most striking result of the anal-
ysis of the extracellular data set is that the last main
Structure
524Figure 3. Schematic Representation of Measured Potential Barrier Positions and the BR Secondary Structure
Unfolding barriers identified in Figure 2 mapped in a plot, which displays the vertical separation of each aa from the middle of the membrane
(calculated from X-ray data [Essen et al., 1998]) against its sequence number. Those stretches, which are known to be part of the a helices,
are highlighted in color. The triangles mark the positions of the barriers approached from the cytoplasmic side (blue triangles pointing upward)
and the extracellular side (red triangles pointing downward). The average force needed to overcome the corresponding energy barriers at the
given extraction rate (1.4 mm/s) is represented by the size of the triangles. Additional information about rupture forces and the frequency of these
peaks can be found in Table S1 (cytoplasmic data) and Table S2 (extracellular data). As additionally described in Experimental Procedures, we
estimate the accuracy of the given barrier positions to 6 3 aa.peak, observed atw65 nm, is caused by a barrier at the
cytoplasmic side, and not, as we had expected, at the
extracellular side of HG. In this context, it is interesting
to note that Hunt et al. (1997) discovered that short poly-
peptide strands corresponding to BR a helices A–E
spontaneously form stable transmembrane a helices in
reconstituted phospholipid vesicles, while HF does not
form any stable secondary structure and HG forms a
b sheet structure oriented perpendicular to the mem-
brane plane under these conditions. The authors sug-
gest that folding of HG and HF might require external
constraints such as the links between the helices, inter-
actions with the rest of the protein, or the bound retinal.
Therefore, once helices E and F have been unfolded, it
might be that HG is not able to act as a stable structure
on its own. Notably, while the average rupture forces of
the cytoplasmic main peaks continually decrease (HE:
262 6 54 pN, HC: 160 6 34 pN, HA: 146 6 47 pN), the
force of the last extracellular main peak rises again sig-
nificantly (HC: 2226 65 pN, HE: 1516 61 pN, HG: 2036
51 pN). It remains to be noted that both membrane orien-
tations may be distinguished on the basis of the men-
tioned properties of force curves alone. This might be
useful for future experiments with functionalized cantile-
vers, which don’t allow for high-resolution scanning.
The position of each barrier was determined by fitting
the gradually rising slope of the peak to the elastic re-
sponse of the already unfolded polypeptide. The Worm-
like chain model has been shown in several studies to
provide a reliable basis for the fit. The only free parame-
ter of this fit is the length of the already unfolded part of
the protein. To allocate the measured peaks to a certain
aa, we developed an approach which is new to our
knowledge, to incorporate the position of that aa along
the perpendicular membrane into our analysis. There-fore, we assumed two extreme cases: first, a polypep-
tide that is fully elongated within the membrane, and,
second, a polypeptide that is able to freely fluctuate in
the membrane void left upon unfolding. For all observed
peaks, the differences between both methods lie within
the errors of the experiments, which were estimated to
be 63 aa. It should be noted that this method implies
that the vertical positions of the barriers do not shift
due to tilting of a helices or similar processes. The height
of the peaks depends on the speed at which the protein
is extracted. A speed-dependent study of bacteriorho-
dopsin unfolding was recently published by Janovjak
et al. (2004).
All barriers were mapped in the graph displayed in
Figure 3. Here, the vertical positions of the aa that were
calculated from the X-ray model of Essen et al. (1998)
(PDB code: 1BRR) are plotted against their sequence
number, and are thus arranged in a zigzag pattern. High-
lighted in color are those stretches, which are helical ac-
cording to the model of Essen et al. (1998). The triangles
mark the positions at which anchoring points were
found. The size of the triangles code the barrier heights,
and the orientation codes whether the barrier was mea-
sured from the extracellular or the cytoplasmic side.
Several striking results emerge: certain barriers are lo-
cated in the loop regions—most prominent are one cyto-
plasmic and two extracellular peaks on the BC loop,
which is known to form a b sheet structure. It is possible
that this b sheet moves slightly during unfolding, which
again increases the errors of the given barrier positions.
However, certain barriers were also found in the middle
of seemingly homogeneous structural elements like he-
lices without intramolecular hydrogen bonds to neigh-
boring helices (Adamian and Liang, 2002) or helix
breakers like proline and tryptophan nearby. A more
Unfolding of Bacteriorhodopsin from Both Termini
525sophisticated molecular modeling will be needed to in-
terpret this finding.
On the cytoplasmic ends of HC and HE, as well as
close to the extracellular ends of HC, HE, and HG, we
found barriers whose position coincide within two aa
when approached from the cytoplasmic and the extra-
cellular sides. Notably, the three barriers on the extracel-
lular side are stabilized by at least one hydrogen bond in
each direction (Luecke et al., 1999). By this means, no
matter which half of the molecule was unfolded already,
at least one H bond remains to act as a barrier at this par-
ticular position, as shown for the barrier on HE in Fig-
ure 4.
In spite of the fact thatw90% of the observed peaks
can be assigned to structural features like ends of heli-
ces, breaks in helices (like the break on HE between aa
153 and 156), residues like proline and tryptophan, or in-
Figure 4. Stabilization of Potential Barriers by Multiple Interhelical
Hydrogen Bonds
View of the hydrogen bond network, which possibly plays a role in
stabilizing the potential barrier that has been detected at the extra-
cellular end of HE (around aa 134) in both the extracellular and the
cytoplasmic force curves (data taken from [Luecke et al., 1999]).
The residues participating in the hydrogen bonds are shown as
sticks, and the distances between the oxygen and the nitrogen
atoms (shown in red and blue, respectively) are given in A˚. In N-ter-
minal force curves, the corresponding peak is observed at 133 6
3 aa at a point at which HD is already unfolded. Therefore, only the
hydrogen bonds between Arg134 and the oxygen of Glu194 are
left to stabilize this intermediate state. In C-terminal force curves,
the peak observed at 1356 3 aa is probably caused by the hydrogen
bonds between Arg134 and Thr128 or Ala126. So, basically, there
are two hydrogen bonds left for stabilizing the remaining part of
the tertiary structure in each case. Interestingly, there are two other
anchoring points on the extracellular membrane surface that give
rise to both a C-terminal and an N-terminal force peak. They are
probably stabilized by similar means: the peak observed around
83 6 3 aa (HC) on N-terminal force curves might result from the H
bond between Tyr83 and Trp189, while the corresponding C-termi-
nal peak (observed at 826 3 aa) is stabilized by the H bond between
Arg82 and Tyr57. In the same fashion, the peak observed at 187 6
3 aa (HF) in N-terminal force curves might be caused by the H
bond between Tyr185 and Asp212, while the corresponding C-ter-
minal peak at 188 6 3 aa might be due the H bond between
Pro186 and Trp138.terhelical H bonds within a range of two aa around the
measured position, the assignment is still not unambig-
uous in all cases. For about 10% of all peaks, there is no
prominent structural feature within a range of four aa.
Generally, we think that single-molecule force spectros-
copy experiments as presented in this paper work well
in context with other experimental techniques like
X-ray crystallography, NMR, and theoretical methods,
in order to increase the understanding of protein folding
and intramolecular interactions.
Mainly, two points are of importance regarding this
topic. First, we believe that single-molecule force spec-
troscopy on proteins with known tertiary structure and
genetically mutated variations complement each other
with theoretical methods, e.g., molecular dynamics sim-
ulations in terms of elucidating the underlying molecular
mechanisms of potential barriers.
In a second step, the improved understanding of the
connection between mechanical stability and character-
istic features of a protein sequence that we expect from
such studies might, in turn, help to improve the accuracy
of structure prediction of membrane proteins that have
not been crystallized yet.
Experimental Procedures
Abbreviations
Abbreviations used in this paper are as follows: aa, amino acid;
WLC, wormlike chain; H, helix (helices are named from A to G, e.g.
HC means helix C); BR, bacteriorhodopsin; MP, main peak.
Sample Preparation
Wild-type purple membrane, extracted from H. salinarum as de-
scribed (Oesterhelt and Stoeckenius, 1974), was adsorbed onto
freshly cleaved mica, and rinsed with buffer solution (Muller et al.,
1997).
Experiment
The multimode AFM (Nanoscope IIIa, Digital Instruments, Santa
Barbara, CA) was equipped with a 90 nm J piezo scanner. The spring
constants of the 100 mm Si3N4 AFM cantilevers (OMCL TR400PS,
Olympus, Tokyo, Japan) were calibrated in solution after the exper-
iments by using the equipartition theorem (Butt and Jaschke, 1995;
Florin et al., 1995). Within the uncertainty of this method (10%), all
cantilevers used exhibited a spring constant of 90 pN/nm. All exper-
iments were performed in buffer solution (300 mM KCl, 10 mM Tris-
HCl [pH 7.8]) at room temperature. The fluid cell was operated with-
out the O-ring. The orientation of each purple membrane patch was
determined by high-resolution imaging (Muller et al., 1999) prior to
force spectroscopy on this patch. To allow the terminal end of
a BR monomer to adsorb onto the cantilever tip, the tip was kept
in contact with the protein for 0.2–0.5 s at a force of 0.5–2 nN. This
results in unspecific adhesion to the cantilever tip in some cases.
Then, the AFM stylus and protein surface were separated at a veloc-
ity of 1.4 mm/s while recording the force spectrum. In less than 1% of
all retraction curves, we detected adhesive peaks, which were cor-
related to the removal of a single BR molecule. When performing
measurements on the cytoplasmic side, w30% of these adhesion
curves showed a force extension curve exhibiting a length between
60 and 70 nm and four significant main peaks (see Data Analysis be-
low). In the case of the extracellular surface, only a relatively small
percentage (w7%) of the adhesion events showed a characteristic
pattern of four main peaks; the total length of these curves is be-
tween 60 and 75 nm.
Data Analysis
To analyze the force curves, a clear criterion is required that distin-
guishes curves of BR molecules attached to the AFM tip with differ-
ent regions of their polypeptide backbone. One suitable criterion is
the overall length of the force curve, which reflects the tip-sample
Structure
526distance at which the last force peak occurs. It is evident that a mol-
ecule attached to the cantilever by one of its loops results in a force
curve with smaller overall length than a molecule attached by one of
its termini. As we have shown elsewhere (Muller et al., 2002), a cyto-
plasmic force curve with an overall length of more thanw50 nm can
only occur if the C terminus of the molecule is attached to the canti-
lever tip. With similar considerations, one can prove that, if one of the
extracellular loops has attached to the cantilever, then extracellular
curves also show a length of less thanw50 nm. For both membrane
sides, we therefore only analyzed force curves significantly longer
than 50 nm, thereby avoiding obscurities that arise with the assign-
ment of peaks when two strands are stretched in parallel (which
would occur in the case of attachment to a loop). Given that the likeli-
hood of adhesion of one BR molecule to the cantilever is far less then
1%, the probability of simultaneous attachment of more than one
monomer seems negligible. We did not observe any evidence for it
in any of the experiments.
Superposition and Fitting
The point of contact between the protein and the cantilever tip can
occur at different positions of the terminus and also is not necessar-
ily located exactly at the tip apex. Both effects cause relative hori-
zontal shifts from one curve to the other in the raw data. Because
for our analysis, only the relative positions of the peaks are of impor-
tance, the force curves were aligned at their main peaks. We used
identical procedures and criteria to align each data set. To analyze
the side peaks, however, we superimposed every main peak sepa-
rately (not shown).
Since it is not yet known how far the unfolded part of the protein is
able to fluctuate within the hydrophobic membrane interior, we as-
sumed two extreme scenarios for describing potential barriers that
aren’t located on the membrane surface. In the first scenario, the
flexibility of the polypeptide is not limited by the surrounding lipids,
which results in a contour length, L, that equals that of a WLC-fit to
a barrier located on the membrane surface. But, because of the
change of the anchoring point, the entire fit-curve exhibits an offset
of2d, where d is the distance between the barrier and the surface. In
the other extreme case, we assume that the intramembrane part of
the polypeptide is fully elongated, which results in a WLC-fit with
a contour length diminished by the distance between the barrier po-
sition and surface (basically, this is a refined version of the method
we introduced earlier [Muller et al., 2002]).
Assuming a flexible polymer (first scenario), the corresponding
WLC-curve of a known potential barrier exhibits a contour length
of n$0.36 nm and an offset of d, where n is the number of aa between
the barrier and the cantilever tip and d equals the vertical distance
between the barrier and membrane surface, which can be calculated
from the X-ray structure of BR. The length of one aa is 0.36 nm. By
using the atomic model of Essen et al. (1998), we computed WLC-
curves for each aa within a sufficient range around each estimated
barrier position and calculated the standard deviation between all
of the data points (of all curves) belonging to that peak and each
of these WLC-curves to find the barrier position. To simulate the sec-
ond scenario we fitted each peak of each force curve separately and
compared the average values of the obtained contour lengths to the
theoretical contour lengths that were calculated by diminishing
n$0.36 nm, the length of the unfolded portion of the polypeptide,
by d, the vertical separation between the theoretical barrier and
the membrane surface as calculated from X-ray data (the WLC-
curves have no offset here). Due to fitting each peak of each force
curve individually, the determination of contour length is quite accu-
rate; the standard deviation of the contour length of each peak is
given in Tables S1 and S2. For all WLC-fits, we used a persistence
length of 4 A˚.
The error of this method is dominated by the standard deviation of
the fitted contour lengths, which is in the order of w2 aa. Another
factor that influences the accuracy of the determination of the barrier
positions is the ‘‘quantization’’ of the calculated contour lengths,
which also depends on the direction in which an a helix is unfolded.
If a helix is unfolded top-down (like helices A, C, E, and G if the mol-
ecule is unfolded from the C-terminal side), the increase in contour
length due to a shift of the barrier position by one aa is partly com-
pensated by the vertical separation of two aa within a helix. This re-
sults in an effective step height ofw0.58 aa. (The theoretical contourlength, LN, of N unfolded aa equals LN = N2 d, where d is the vertical
separation between the barrier position and the membrane surface.
Considering the length of one aa, which equalsw0.36 nm, and the
vertical separation between two aa in an a helix, which equals
w0.15 nm, a shift of the barrier position by one aa results in LN+1 =
N + 0.36 2 (d + 0.15 nm), and this is equal to LN+1 = LN + 0.21 nm.
Therefore the separation between LN+1 and LN isw0.58 aa.) Helices
B, D, and F are unfolded top-down. Here, both effects sum up to an
effective step height of w1.41 aa. Therefore, in the latter case, the
average error due to this effect is on the order of 0.7 aa in the worst
case. Under these considerations, an estimated total error of6 3 aa
seems to be appropriate for nearly all of the detected peaks. The dif-
ferences between the determined barrier positions when treating the
intramembrane part of the unfolded polypeptide as fully flexible or
completely elongated lie within the estimated error of 6 3 aa.
Supplemental Data
Supplemental Data including the fitted data of each peak and two
movies that illustrate the unfolding process are available at http://
www.structure.org/cgi/content/full/14/3/521/DC1/.
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